ABSTRACT: Granular road materials have been experimentally demonstrated to be cross-anisotropic. This paper explores the mechanical behavior of asphalt pavements with cross-anisotropic unbound aggregate layers (UAB)/subgrade through three-dimensional (3D) finite-element (FE) simulation. The analysis results indicate that (1) the cross-anisotropy of UAB has significant effects on the critical stresses and strains at critical depths; (2) the cross-anisotropy of subgrade has considerable effects on the surface deflection and the vertical strain at the top of the subgrade. Subsequent pavement performance predictions indicate that cross-anisotropy of UAB has great negative effect on pavement life in terms of fatigue cracking and rutting potential. Therefore, the cross-anisotropy of UAB and subgrade layer should be considered in the mechanical analysis of asphalt pavements.
INTRODUCTION
Existing asphalt pavements mechanical analysis theories and methods are essentially based on the common assumption that road materials are homogeneous and isotropic. However, adequate experimental evidences [1] [2] [3] [4] [5] [6] [7] indicate that granular road materials including soil subgrade and unbound aggregate materials are anisotropic. Cross-anisotropy, as a special type of anisotropy, is commonly employed to characterize the direction-dependent behavior of granular road materials because of compaction and the applied wheel loading in the vertical direction [6] . Soil subgrade is recognized to be multi-layered and cross-isotropic due to long-term sedimentation process and compacting construction. And unbound aggregate layers (UAB) also exhibit cross-isotropy originated from orientation of aggregate and compaction. It is found that the ratio of modulus in horizontal and vertical directions for clay soil can be 0.9 to 4.0 and that for sand and gravel aggregate reduced to 0.2 [1] [2] [3] . A study indicates that the unbound aggregate layers of asphalt pavements generally exhibit greater stiffness in vertical direction than in horizontal direction [4] .
The degree of cross-anisotropy, defined as the ratio of or modulus in horizontal and vertical directions (n-value), is commonly used to characterize the cross-anisotropic properties. This paper calculates the critical stresses, strains, and displacements in the layered structure in different degrees of cross-anisotropy of unbound aggregate layer and subgrade respectively through FE simulations. And pavement performance evaluations are implemented based on the FE results.
FINITE-ELEMENT MODEL DEVELOPMENT Element Mesh and Boundary Conditions
For this study, 3D FE models of asphalt pavements are simulated using ABAQUS. The dimensions, i.e., length, width, and depth, of the models are selected to be 5 m × 5 m × 10 m (x, y, z), and C3D8R element is used for the mesh generation. Typically, fine mesh is assigned near the loading region to capture the stress gradient and coarser mesh further from that region and a mesh sensitivity analysis is performed to determine the optimum element size for the fine mesh. The bottom boundary is fixed, which constrained to zero the horizontal and vertical displacements. And the lateral boundaries (transverse-x and longitudinal-y planes) are roller type, which constrained to zero the horizontal movement but allowed vertical displacements. The layer interfaces are considered fully bonded. Fig. 1 demonstrates the illustrations of the developed 3D FE model. 
Pavement section and material properties
In the series of FE models, a typical three-layer pavement section consisted of an AC layer of 0.18 m, an unbound aggregate base of 0.35 m, and a subgrade from top to bottom is used. The thickness of the subgrade layer is assumed to be 9.47 m.
A linear viscoelastic model is used to simulate the AC layer. The shear and bulk relaxation moduli are calculated by fitted into a Prony series of generalized Maxwell solid models, assuming a constant Poisson's ratio. Table 1 characterizes the Prony series coefficient at 25 °C used in this study, and the instantaneous modulus is assumed to be 9840 MPa. Table 2 . Material properties.
Cross-anisotropic UAB layer and subgrade are considered respectively in this study. Cross-anisotropy in the modulus of elasticity is assigned to them by varying the n-value, such as 0.17, 0.21, 0.5, and 1.0 for UAB layer, as well as 0.9, 1.0, 2.5, and 4.0 for subgrade respectively, by keeping the vertical elastic modulus constant. And the Poisson ratios in horizontal and vertical directions are assumed to be equal. Meanwhile, stiffness modulus (E) and Poisson ratio (µ) are used to represent linear elastic materials. Table 2 summarizes the parameters of the road materials used in the FE models.
RESULTS OF NUMERICAL CALCULATIONS
The response variables considered in this study consist of the surface deflection, and stresses and strains at critical depths (including the horizontal tensile stress and strain at the bottom of the AC layer as well as the UAB layer, and vertical compressive strain at the top of subgrade). The surface deflection that defined as the vertical deflected distance of the surface of the pavement is, to some extent, an indicator of the pavement structure ability to bear repeated traffic loads. And its measurements, in practice, are employed to back calculate structural layer stiffness and subgrade resilient modulus.
Case 1: UAB layer (cross-anisotropic) + Subgrade (isotropic)
The variation of the surface deflections versus horizontal distance calculated for different degrees of UAB layer cross-anisotropy is shown in Fig. 3 . It is observed that for a fixed n J -value, the surface deflection the surface deflection (magnitude) first slightly increased and then decreased with increasing distance from the load center, reaching its maximum at the center of a circular loading. And the magnitude of surface deflection for fixed observation point increases as n J -value decreases. Figure 3 . Variation of the surface deflection vs. horizontal distance (x) for cross-anisotropic UAB layer. Fig. 4 (a) and (b) illustrates the variations of horizontal tensile stress and strain at the bottom of the AC layer versus horizontal distance. As the distance from the load center increased, the tensile stress and strain both increased firstly then decreased, maximizing at the center of a circular loading. A decrease in the n J -value ratio to 0.17, compared to the isotropic case (n J =1.0), could increase tensile stress and strain about 38.0% and 31.4% respectively (from 500 kPa and 35 µε to 690 kPa and 46 µε), thus the increases could initiate fatigue cracks there and then propagate to the surface of AC layer to damage the pavement. The variations of horizontal tensile stress and strain at the bottom of the UAB layer versus horizontal distance are described in Fig. 5 (a) and (b) . The stress and strain both decreased with the increase of the distance from the load center for fixed n J -value. And the remarkable reduction of stress but increment of strain resulted from ratios of vertical to horizontal moduli (E v /E h ) in the anisotropic UAB layer for a certain section. The percentage differences of stress or strain at the centerline of loading, -65% and 175% respectively, are significant between the n J -values of 0.17 and 1.0 (isotropic). And it could be observed that the anisotropy of UAB layer has more significant effect on the mechanical behavior of the base layer than on the AC layer.
(a) (b) Figure 5 . Variation of the horizontal tensile stress and strain at the bottom of the UAB layer vs. horizontal distance (x) for cross-anisotropic UAB layer. Fig. 6 gives the variations of vertical compressive strain at top of subgrade versus horizontal distance for different degrees of cross-anisotropy of UAB layer. The FE results showed that the vertical strain in the subgrade layer is influenced by the different moduli ratios the UAB layer, particularly directly below the loading center. As the n J -value decreased from 1.0 to 0.17, the vertical strain in the subgrade layer at the centerline of loading increased 72.9% (from -240 µε to -415 µε). horizontal distance (x) for cross-anisotropic UAB layer.
Case 2: UAB layer (isotropic) + Subgrade (cross-anisotropic)
The variations of the surface deflections versus the loading center calculated for different degrees of cross-anisotropy of subgrade are plotted in Fig. 7 . The surface deflection decreased as the distance from the centerline of loading increased. And increasing moduli ratios of subgrade (n T -value) resulted in the increasing magnitude of the surface deflection for a fixed observation point, with the maximum differences up to more than 100 µm. It suggests that the moduli of pavement layers back calculated from the surface deflections on basis of the assumption of isotropic subgrade layer are not in agreement with the actual. Fig. 8 (a) and (b) give the tensile stress and strain at the bottom of the AC layer, respectively. For fixed moduli ratio of the subgrade layer, the variation trends of the stress and strain are similar to these of the case 1. However, the different moduli ratios hardly affect the horizontal stress and strain at the bottom of the AC layer. Results of the stress and strain at the bottom of the UAB layer are presented in Fig. 9 (a) and (b) . Similarly to these in case 1, the different moduli ratios have effects on the horizontal stress and strain. However, the effects are much less profound. 
Pavement performance
The purpose of this section is to evaluate the effect of road material crossanisotropy on the pavement performance. The analysis is performed by predicting pavement life based on the Asphalt Institute (AI) distress models [8] , which is given by the lower of the number of load repetitions to failure obtained from either the fatigue cracking or the rutting distress model. The critical design criteria used in the AI models include the horizontal tensile strain (ε t ) at the bottom of the AC layer related to risks of asphalt layer cracking by tensile fatigue failure, and the vertical strain (ε v ) at the top of the subgrade related to risks of rutting. The equations are given by: According to the previous analysis, the cross-anisotropy of the UAB layer has more considerable effects on the critical pavement life criteria (ε t and ε v ). Therefore, this case is analyzed in the study. The histogram of allowable numbers of load repetitions Nc and Nr assuming cross-anisotropic UAB layers is presented in Table 3 .
It is obviously indicated that a decrease of the moduli ratio of the UAB layer resulted in a significant reduction of predicted load repetitions Nc and Nr; the pavement considering isotropic UAB layer reached maximum service life. In other words, the anticipated predictive pavement life will be much more than the actual in consequence of taking no account of the cross-anisotropy of the UAB layer.
CONCLUSIONS
In the present study, the effect of cross-anisotropic UAB layer and cross-anisotropic subgrade layer on the critical mechanical response asphalt pavements have been investigated respectively.
(1) The cross-anisotropy of UAB layer has significant effects on the stresses and strains at critical depths. However, the effect on surface deflection is not profound.
(2) The cross-anisotropy of subgrade has not obvious effects on the stresses and strains at critical depths, except the vertical compressive strain at the top of the subgrade. And the surface deflection is affected by the cross-anisotropy of subgrade.
(3) Subsequent pavement performance evaluations are implemented considering cross-anisotropic UAB based on AI principle; the cross-anisotropy has great negative effects on pavement life in terms of fatigue cracking and rutting potential.
